Identification of the molecular mechanisms that enable synchronous firing of CA1 pyramidal neurons is central to the understanding of the functional properties of this major hippocampal output pathway. Using microfluorescence measurements of intraneuronal pH, in situ hybridization, as well as intracellular, extracellular, and K ϩ -sensitive microelectrode recordings, we show now that the capability for synchronous gamma-frequency (20 -80 Hz) firing in response to high-frequency stimulation (HFS) emerges abruptly in the rat hippocampus at approximately postnatal day 12. This was attributable to a steep developmental upregulation of intrapyramidal carbonic anhydrase isoform VII, which acts as a key molecule in the generation of HFS-induced tonic GABAergic excitation. These results point to a crucial role for the developmental expression of intrapyramidal carbonic anhydrase VII activity in shaping integrative functions, long-term plasticity and susceptibility to epileptogenesis.
Introduction
Synchronous firing of principal neurons plays a central role in neuronal plasticity Linden, 1999) , in integrative and representational functions (Gray, 1999; Singer, 1999) , as well as in the genesis and maintenance of epileptic activity (McCormick and Contreras, 2001 ). High-frequency stimulation (HFS) of afferents in the CA1 area of the rat hippocampal slice has been used in a number of studies on the cellular and network mechanisms involved in the generation of synchronous firing of pyramidal neurons at gamma frequencies (20 -80 Hz) (Traub et al., 1996a; Bracci et al., 1999) .
The mechanisms underlying HFS-induced gamma oscillations can be divided provisionally into two categories: those that drive the oscillations by providing tonic excitation and those responsible for the temporal patterns of network activity. The latter include GABA A receptor-mediated inhibition (Whittington et al., 1995) , ionotropic glutamatergic transmission (Traub et al., 1996b) , gap junctions (Draguhn et al., 1998; Schmitz et al., 2001) , and ephaptic effects (Bracci et al., 1999) .
In the present work, the main focus is on the mechanisms underlying the generation of the HFS-induced tonic excitation in area CA1. Previous studies have suggested a role for two distinct (although not mutually exclusive) mechanisms. There is evidence that activation of interneuronal metabotropic glutamate receptors is important in the excitatory drive underlying HFSinduced gamma oscillations (Whittington et al., 1995 (Whittington et al., , 1997a Traub et al., 1996a,b) . In addition, a number of studies have shown that a sustained activation of GABA A receptors leads to a long-lasting depolarization of CA1 pyramidal neurons that is often associated with pronounced spiking of the CA1 pyramidal neurons (Perreault and Avoli 1988; Grover et al., 1993; Staley et al., 1995; Kaila et al., 1997; Bracci et al., 1999; Smirnov et al., 1999) . This excitatory, HFS-induced GABAergic depolarization is critically dependent on the presence of CO 2 /HCO 3 Ϫ and on functional intracellular carbonic anhydrase (Kaila et al., 1997; Voipio and Kaila, 2000) . This response is caused by a fast anionic redistribution leading to a positive shift in E GABA-A , which is followed by a long-lasting increase in the extracellular K ϩ concentration ([K ϩ ] o ) that exerts a direct depolarizing action (Kaila et al., 1997; Voipio and Kaila, 2000) .
By the end of the second postnatal week, a number of qualitative changes take place at the level of network functions in the rat hippocampus, including an increased tendency for the generation of epileptiform activity (Swann et al., 1993; Gloveli et al., 1995) . In addition, this is the critical postnatal time window for the developmental appearance of HFS-induced long-term potentiation (LTP) in CA1 (Harris and Teyler, 1984; Chabot et al., 1996) . In this study, we demonstrate an abrupt expression of hippocampal intrapyramidal carbonic anhydrase activity at the end of the second postnatal week. This appears to be a prerequisite for the emergence of HFS-induced GABAergic excitation and for the HFS-induced synchronous gamma-frequency firing of CA1 pyramidal neurons. Furthermore, we show that among the 14 ␣-carbonic anhydrase isozymes , intrapyramidal carbonic anhydrase activity is attributable to a specific developmental expression of the carbonic anhydrase isoform VII (CA VII).
Materials and Methods
Transverse hippocampal slices (400 -600 m) from Wistar rats younger than postnatal day 9 (P9; the day of birth is P0) were made using a McIlwain tissue chopper (Mickle Laboratory Engineering, Gomshall, Surrey, UK) or a Leica (Nussloch, Germany) VT1000 S vibrating-blade microtome. The more mature rats (and some of the younger animals) were anesthetized using an intraperitoneal injection of pentobarbital (30 -40 mg/kg), and 350-to 400-m-thick slices were made using either the tissue chopper or a Vibratome (The Vibratome Company, St. Louis, MO). Carbachol-induced oscillations were examined in horizontal slices as reported previously (Stenkamp et al., 2001) .
Electrophysiological recordings on slices were done in standard physiological solution containing the following (in mM): 120 NaCl, 3 KCl, 1.1 NaH 2 PO 4 , 1.8 CaCl 2 , 2 MgSO 4 , 10 D-glucose, and 25 NaHCO 3 and equilibrated with 95% O 2 and 5% CO 2 to yield a pH of 7.4 at the experimental temperature of 32-34°C. In recordings in which tetramethylammonium (TeMA ϩ )-sensitive microelectrodes were used, 1.5 mM TeMA chloride was added to the standard physiological solution. When recording spontaneous population oscillations, the concentrations of MgSO 4 and KCl were 1.3 and 5 mM, respectively. Experiments using fluorescence imaging were performed at 20 -22°C, and NaHCO 3 was raised to 30 mM to keep the solution pH at 7.4. In nominally CO 2 /HCO 3 Ϫ -free HEPES-buffered solution, NaHCO 3 was replaced by 20 mM HEPES plus 10 mM NaCl, pH 7.4 with NaOH, and the solution was gassed with 100% O 2 . The osmolarity of the standard solution and the HEPES-buffered solution was 301.3 Ϯ 1.2 mOsm (n ϭ 4) and 303 Ϯ 1.3 mOsm (n ϭ 4), respectively, measured using an Advanced Micro Osmometer (model 3300).
Unless otherwise stated, results are presented as means Ϯ SEM. Statistical significance was tested with paired or unpaired t tests as indicated in Results.
Electrophysiological recordings. Electrophysiological experiments were performed both in an interface chamber (volume, 500 l; solution flow, 0.8 -1.0 ml/min) and in a submersion chamber (volume, 800 l; doublesided perfusion at 3-4 ml min Ϫ1 ). Under interface conditions, a clear meniscus of solution was always maintained above the slice.
Extracellular field potentials were recorded using conventional NaClfilled (150 mM) glass capillary microelectrodes (2-10 M⍀). A bipolar stimulation electrode (tungsten tips separated by 0.5 mm when using adult rats and closer with younger animals) was placed in the stratum radiatum (in adults Յ500 m from the recording site in the CA1 stratum pyramidale, and in an anatomically corresponding location in younger animals). The stimulus intensity was adjusted to elicit a maximal population spike in response to single-pulse stimulation (8 -32 V; pulse duration, 100 sec), and trains of stimuli (40 pulses at 100 Hz) were delivered every 5 min. The HFS-induced network activity was quantified from field potential recordings by integrating off-line the apparent power of the spikes. The signal for integration was generated by first truncating the spikes at a level that was set slightly more negative (ϳ0.5 mV) than the negative peak of the baseline shift, followed by low-pass filtering, then subtracting the resulting signal (that accurately followed the original baseline) from the field potential and finally taking the square. The resulting plots (see Fig. 1a ) represent the time course of accumulation of the apparent energy of the high-frequency stimulation-induced gamma oscillation.
Intracellular recordings from CA1 pyramidal neurons were obtained using sharp microelectrodes filled with 1.5 M K-acetate, 1.5 M K-methylsulfate, and 10 mM KCl (100 -200 M⍀). Double-barreled K ϩ -selective microelectrodes were made as described previously (Voipio et al., 1994 ; for response times, see Santhakumar et al., 2003 ) using a valinomycin-based membrane solution (Fluka, Buchs, Switzerland) . In the TeMA ϩ electrodes (Alvarez-Leefmans et al., 1992; Nicholson, 1993 ) the liquid membrane solution contained 100 mg of potassium tetrakis (4-chlorophenyl) borate in 2 ml of 1,2-dimethyl-3-nitrobentzene (both chemicals from Fluka) and the backfilling solution was 150 mM TeMA chloride.
DL-2-Amino-5-phosphonopentanoic acid (DL-AP-5), 2,3-dioxo-6-nitro- (Maren, 1977; Saarikoski and Kaila 1992; Tong et al., 2000) was a gift from Prof. E. Swenson (Department of Medicine and Laboratory Medicine, University of Washington Medical Center, Seattle, WA).
Detection of intrapyramidal carbonic anhydrase activity. To detect intracellular carbonic anhydrase activity in hippocampal CA1 pyramidal neurons, we examined the effect of EZA (Maren, 1977) (30 -100 M) on fast intracellular pH (pH i ) changes induced by transiently exposing acutely isolated cells or slices to the CO 2 /HCO 3 Ϫ -free HEPES solution. pH i was measured with the proton-sensitive fluorescent indicator 2Ј,7Ј-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF). The initial ⌬pH i /⌬t of the alkaline transient was compared in the absence and presence of EZA. In all experiments at P0 -P8 and in some up to P12, EZA had little effect on the alkaline transients: the ratio of initial ⌬pH i /⌬t in EZA to that in control was 0.988 Ϯ 0.041 (mean Ϯ SD; n ϭ 5 isolated cells and n ϭ 64 cells in seven slices) (see Fig. 3b ). This SD most likely reflects random variation and, therefore, we considered only an EZA-induced reduction in ⌬pH i /⌬t of at least five times higher than this SD to indicate the presence of intracellular carbonic anhydrase activity reliably.
Pyramidal neurons were isolated in a region-specific manner from P6 -P38 slices using the vibrodissection technique described by Pasternack et al. (1993) . The cells were incubated for 5-10 min in a 1 M solution of the acetoxy-methyl form of the indicator dye (BCECF-AM; Molecular Probes, Eugene, OR). From the BCECF-loaded cells, one to six were selected for fluorescence imaging recordings on the basis of morphological criteria, i.e., the isolated cell had a pyramidal shape, a clear apical dendrite at least two times the length of the soma and basal dendrites (see Fig. 3b, inset) .
In slices from P0 -P8 rats, incubation in 10 M BCECF-AM for 40 -60 min resulted in bright fluorescence of pyramidal neurons. However, after the first postnatal week, loading became poorer, and practically no fluorescing pyramidal neurons were detected in slices after P14 -P16. This problem was circumvented as done previously (Stenkamp et al., 2001 ) by pressure injection of 1 mM BCECF-AM into the CA1 stratum pyramidale, which provided a local population of two to eight fluorescing pyramidal neurons. All fluorescence experiments were done in a submersion chamber (volume, 800 l; one-sided perfusion at 3-4 ml/min).
The fluorescence imaging system (Photon Technology International, Lawrenceville, NJ) consisted of a 75 W xenon-arc lamp, a monochromator-chopper unit, an inverted microscope, and an intensified CCD camera (4 -16 averaged frames at 0.5-1.5 Hz; excitation wavelengths, 440 and 495 nm). The pH i signal was calibrated with the high-[K ϩ ] o /nigericin technique (Thomas et al., 1979) . In situ hybridization. Rats were anesthetized with pentobarbital (30 -40 mg/kg; P9 to adult) or with ketamine (20 mg/kg; P7) and then intracardially perfused with PBS, pH 7.3, followed by 4% paraformaldehyde (PFA). Their brains were removed and fixed in 4% PFA in PBS overnight at 4°C. The tissue was dehydrated through a graded ethanol an series and embedded in paraffin. Thin 7 m sections were made using an RNase-free technique. The sections were then kept at 37°C overnight and stored at 4°C. For cRNA synthesis, an expressed sequence tag clone (BI290085) containing a specific rat CAII insert (538 bp, nucleotides 282-820; accession number NM_019291) was obtained from Invitrogen (Paisley, UK), and the sequence was verified. The forward primer: 5ЈCGCCAGTCACCCATCAATA3Ј and reverse primer 5ЈAAGGAT-GCTTTAACCACTCG3Ј were used to obtain a 700 bp fragment specific for the CAVII isoform (nucleotides 181-881; accession number XM_134293) by standard reverse transcription PCR . The fragment was cloned into pGEM-T vector (Promega, Madison, WI), and the sequence was verified. The clones were linearized by restriction digestion and used as templates for the generation of sense and antisense 35 S-labeled riboprobes for radioactive in situ hybridization or Biotinlabeled riboprobes for fluorescence in situ hybridization.
The radioactive in situ hybridization procedure using 35 S-labeled sense and antisense RNA probes for CAVII was performed as described previously . For fluorescence in situ hybridization of CAII and CAVII, we used the enzyme-labeled fluorescence mRNA in situ hybridization kit ELF97 (Molecular Probes) according to the manufacturer's protocol. The functionality of the CAII probe was verified by fluorescence in situ hybridization of CAII mRNA, which showed strong expression levels in oligodendrocyte cell bodies in the white matter of the adult rat brain (data not shown) (cf. Ghandour et al., 1980) .
Quantification of hybridization signals on x-ray films was performed by computerized image analysis as described previously . The region of interest for quantification of the radioactive in situ was taken to include the CA1 area from stratum oriens to the proximal stratum radiatum.
Results

Developmental expression of highfrequency stimulation-induced gamma oscillations
We first studied the capability of CA1 principal cells for synchronous gammafrequency firing under control conditions. In experiments on rats younger than P11 (P6 -P10, 40 slices in submersion and 5 in interface chamber), HFS did not induce gamma oscillations in any of the field recordings from the stratum pyramidale. This was despite the fact that single-pulse stimulation evoked a population spike of up to 3-4 mV (Fig. 1a,b) . After P10, the percentage of slices exhibiting gamma oscillations increased rapidly and, after P14, HFS always induced gamma oscillations (Fig. 1c) . In contrast, carbachol-induced oscillations (20 M) (Fisahn et al., 1998) could be seen already at P7 (n ϭ 5; data not shown) (Fisahn, 1999) . This is in good agreement with all of the data provided below, which point to a specific "ontogenetic switch" at approximately P12 that is responsible for the emergence of HFSinduced synchronous spiking of CA1 pyramidal neurons at gamma frequencies.
There has been some concern (Whittington et al., 2001; Schuchmann et al., 2002) that the type of slice recording chamber has a major influence on the patterns and mechanisms of neuronal synchronization. Nevertheless, in the present study, HFS-induced gamma oscillations with comparable magnitudes, and essentially identical developmental profiles were seen under both interface and submerged (fast double-sided perfusion) conditions (Fig. 1a,b) .
Local HFS of inhibitory interneurons in CA1 of slices from adult rats results in a prolonged GABAergic depolarization and spiking of pyramidal neurons (Kaila et al., 1997; Smirnov et al., 1999) . This is inhibited by the membrane-permeant carbonic anhydrase inhibitor EZA, whereas the membrane-impermeant inhibitor BA has little effect (see also Burg et al., 1998; Uusisaari et al., 2000) . To exam- Figure 1 . Postnatal development of HFS-induced gamma-frequency firing in CA1 stratum pyramidale and its dependence on intracellular but not interstitial carbonic anhydrase activity. a, Once HFS-induced gamma oscillation could be induced (40 stimulation pulses at 100 Hz; trains of stimuli indicated with horizontal bars), it was strongly inhibited by EZA (30 -100 M), whereas BA (10 M) had little effect. The plot showing the relative accumulation of apparent energy in the gamma-frequency range is from the time window starting 10 msec after the end of the train of stimuli (see dotted frame, P25). The field potential recordings were made in an interface chamber. b, Submerged slices show a developmental pattern of HFS-induced gamma oscillation similar to that observed in the interface chamber. Insets at P11 ( a) and P10 ( b) show a field response to single-pulse stimulation. c, Percentage of slices showing HFS-induced gamma oscillation plotted against postnatal day (n ϭ 45 slices in interface and 92 in submerged chamber). d, The average of apparent energy in the gamma-frequency range in BA (n ϭ 6), EZA (n ϭ 6), and the nominally bicarbonate-free HEPES-buffered solution (n ϭ 6), P23-P35, relative to that under control conditions. e, The population oscillations were abolished in a reversible manner in the absence of CO 2 /HCO 3 Ϫ (submerged slice).
ine the role of intracellular carbonic anhydrase activity in the HFS-induced gamma response during development, we examined the intracellular effects of EZA (compare Fig. 3a) . A quantitative comparison of the effects of BA (10 M) and EZA (30 -100 M) was made using the maximal value attained from the cumulative plots of apparent energy of gamma activity such as those illustrated in Figure 1a (see Materials and Methods). Application of BA alone had no significant effect, whereas a subsequent addition of EZA (Fig. 1d) clearly suppressed HFS-induced gamma oscillation ( p Ͻ 2 ϫ 10 Ϫ5 ; paired t test; n ϭ 6). Prolonged washout (ϳ60 min) of EZA resulted in a near-complete recovery of the HFS-induced gamma oscillations.
The key role of intracellular carbonic anhydrase in the generation of the HFS-induced synchronous firing of principal neurons was further confirmed by recordings performed in the nominally bicarbonate-free HEPES-buffered solution. Withdrawal of CO 2 /HCO 3 Ϫ completely and reversibly blocked the gamma oscillations (P23-P35; n ϭ 8) (Fig. 1d,e) . Here, it is worth emphasizing that under the present experimental conditions, removal of CO 2 /HCO 3 Ϫ does not lead to a reduction of the efficacy of GABAergic inhibition as indicated by single pulse-evoked monosynaptic responses (Kaila et al., 1997) .
We then studied the roles of glutamatergic and GABAergic transmission in the development of HFS-induced gamma oscillations. In the presence of the glutamate antagonists NBQX (10 M) and DL-AP-5 (40 M), HFS did not induce gamma oscillations at P8 -P11 (n ϭ 21 slices) even when HFS-evoked GABA release was enhanced using the GABA B antagonist CGP-55845A (0.5 M; n ϭ 9) (Bracci et al., 1999; Cobb et al., 1999) or by increasing the stimulus intensity or the number of stimuli up to 100 (n ϭ 14). In good agreement with the data obtained with intact glutamatergic transmission, HFS resulted in gamma oscillations in all recordings after P13 (n ϭ 31) (Fig. 2b) . As under control conditions, HFS-induced gamma oscillation was strongly suppressed by EZA (P13-P37; n ϭ 31) (Fig. 2b) , whereas BA had no consistent effects. In the absence of CO 2 /HCO 3 Ϫ , the oscillations were totally abolished (n ϭ 8; data not shown). The addition of GABA A antagonists (10 M bicuculline or 100 M picrotoxin; n ϭ 3 for each drug) in the presence of the glutamate antagonists resulted in a complete block of the oscillations (data not shown). Thus, in line with a GABAergic basis of the tonic HFS-induced excitation (Kaila et al., 1997; Smirnov et al., 1999) , the emergence of synchronous firing of the principal neurons requires functional intracellular carbonic anhydrase both in the presence and in the absence of fast glutamatergic transmission. Before approximately P12, a prompt initial hyperpolarization was seen in the GABAergic membrane potential response on HFS (Fig. 2a) , in agreement with the fact that fast inhibitory transmission is functional at this age (Swann et al., 1989; Rivera et al., 1999) . The initial hyperpolarization was followed by a small and rather brief depolarization with a magnitude (11.4 Ϯ 1.9 mV; n ϭ 4) and a time course essentially insensitive to EZA (n ϭ 4). As a whole, the biphasic response in the immature slices was strikingly similar to the HFS-induced response in adult slices in which the nonsynaptic depolarizing component has been selectively blocked [Smirnov et al. (1999), their Figs. 2, 3] . After P12, the GABAergic response and its sensitivity to carbonic anhydrase inhibitors were similar to that measured in adult preparations (Kaila et al., 1997) , because both the amplitude and duration of the prolonged depolarization were attenuated by EZA (n ϭ 4; P14 -P35), whereas BA had no discernible effect (n ϭ 6; P14 -P35). These data clearly suggest that the prompt developmental shift seen in the HFS-induced responses is critically dependent on postnatal upregulation of intracellular carbonic anhydrase expression.
Developmental expression of the GABAergic depolarization and [K
Previous work (Kaila et al., 1997) has indicated that the prolonged depolarization seen in mature slices in response to HFS is caused by a GABAergic, EZA-sensitive transient increase in
In agreement with this, the HFS-induced [K ϩ ] o transient was very small in rats at P7-P9 even the presence of 0.5 M CGP-55845A (0.70 Ϯ 0.13 mM; n ϭ 5) and was not significantly affected by EZA (paired t test; p Ͼ 0.05; n ϭ 5) (Fig. 2b,c) . At approximately P12, a marked developmental increase in the [K ϩ ] o shift was evident, and after the second postnatal week the amplitude of the [K ϩ ] o transients had reached a level (3.6 Ϯ 0.17 mM; n ϭ 20) similar to that measured in adult slices (Fig. 2b) . In parallel with the enhancement of the [K ϩ ] o shift, there was a pronounced increase in its sensitivity to EZA (Fig. 2c) , which suppressed the peak amplitude of the [K ϩ ] o response by 35 Ϯ 3.7% (n ϭ 9) at P30 -P37. Again, BA had no detectable effect. In agreement with the complete block of HFS-induced gamma oscillations in the HEPES-buffered solution (Fig. 1d,e) 
Developmental profile of intrapyramidal carbonic anhydrase expression
Although the above data indicate that an upregulation of intracellular carbonic anhydrase expression may act as a switch in the maturation of the CA1 neuronal network, it does not assign this intracellular carbonic anhydrase to any specific cell type. We next assessed the developmental expression of intrapyramidal carbonic anhydrase activity (Pasternack et al., 1993) by examining the effects of carbonic anhydrase inhibitors on fast pH i transients. Removing CO 2 and HCO 3 Ϫ led to a rapid increase in pH i of acutely isolated pyramidal neurons, as seen in fluorescence measurements (Fig. 3a) . In the presence of EZA (30 -100 M), this alkalinization was considerably slower, indicating a specific ac-tion of intracellular carbonic anhydrase, because BA (10 M) produced only a very slight decrease in ⌬pH i /⌬t (Voipio, 1998) . The effect of EZA on the initial pH i change was reversed during a washout period of 15-20 min.
Experiments with isolated CA1 pyramidal neurons (n ϭ 44) indicated that the expression of intracellular carbonic anhydrase commenced at approximately P12 (Fig. 3b) . The steady-state pH i before and after the expression of intrapyramidal carbonic anhydrase (7.17 Ϯ 0.09, n ϭ 10 and 7.20 Ϯ 0.05, n ϭ 16, respectively) did not differ significantly (unpaired t test; p ϭ 0.4).
Because it turned out very difficult to isolate viable neurons in a region-specific manner from hippocampi of rats that were Ͼ1 week old, we used slice preparations to assess intracellular carbonic anhydrase activity in pyramidal neurons in P0 -P8 rats (n ϭ 64 neurons in seven slices) and compared these observations with those from P26 slices (n ϭ 15 neurons in two slices). These experiments were performed in the continuous presence of BA because, in slices, the initial ⌬pH i /⌬t is rate-limited not only by the intracellular CO 2 /HCO 3 Ϫ hydration/dehydration reaction but also by the diffusion of carbonic acid buffer species within the tissue (Voipio and Ballanyi, 1997) . In agreement with the data from isolated neurons, EZA had no discernible effect on the pH i response of hippocampal CA1 pyramidal neurons in the P0 -P8 slices (Fig. 3b) , indicating the absence of functional intracellular carbonic anhydrase. The somewhat smaller effect of intracellular carbonic anhydrase inhibition in the P26 slices compared with isolated cells of the same age (Fig. 3b) can be accounted for by the slow equilibration of the interstitial fluid after the abrupt removal of ambient CO 2 /HCO 3 Ϫ . These data indicate that the expression of intracellular carbonic anhydrase activity is seen in all hippocampal CA1 pyramidal neurons by the end of the second postnatal week (Fig. 3c) . The striking temporal correlation between the expression of intrapyramidal carbonic anhydrase and the appearance of HFS-induced gamma oscillation suggest a causal relation between these events. The time course of the upregulation of intracellular carbonic anhydrase activity in CA3 pyramidal neurons was essentially identical to that of CA1 neurons (n ϭ 23 isolated cells; data not shown).
Identification of the intrapyramidal carbonic anhydrase isoform
A strong neuronal transcription signal for the intracellular CAVII has been reported in the mouse brain at P18 (Lakkis et al., 1997) , while there is substantial evidence indicating a glial expression of another cytosolic isozyme, CAII (Agnati et al., 1995; Ridderstråle and Wistrand, 1998) . However, it has been suggested recently that a widespread neuronal expression of CAII takes place in the brain, including the hippocampus (Wang et al., 2002) . Other catalytic carbonic anhydrase isoforms in the parenchyma of the mammalian brain include the extracellular isoforms IV and XIV (Parkkila et al., 2001; Svichar and Chesler 2003) and the mitochondrial carbonic anhydrase CAV (Ghandour et al., 2000) .
In the present work, an obvious task was to identify the neuronal, cytosolic isoform that is upregulated at approximately P12. Therefore, we focused on the expression patterns of CAII and CAVII during the first 3 weeks of postnatal life. In three series of parallel fluorescence in situ hybridization experiments (five to six time points between P7 and P22; three to five sections for each isoform and time point), there was no detectable neuronal mRNA expression of CA II (Fig. 4a) . Up to P11, expression of CA VII mRNA could not be detected, whereas a steep increase in the signal was seen in the stratum pyramidale of CA1-CA3 and in the dentate gyrus at P12-P13 (Fig. 4b) . A quantification of the increase in CAVII expression, based on radioactive in situ hybridization, is shown in Figure 4 , c and d. These data are in excellent agreement with the idea that an upregulation of CAVII is the molecular basis of the functional developmental switch that underlies the simultaneous emergence of neuronal CA activity and of gamma oscillations as seen in the pH microfluorescence (Fig.  3) and electrophysiological experiments (Figs. 1, 2 ) described above.
Early spontaneous population oscillations are not dependent on CO 2 /HCO 3 ؊ Immature hippocampal slices are known to generate spontaneous population oscillations [SPOs; often termed giant depolarizing potentials (GDPs)] (Ben-Ari 2001) that are based on synchronous activation of both pyramidal neurons and interneurons. Such coactivation is also a characteristic of HFS-induced gamma oscillations (see Introduction). Furthermore, both the SPOs and HFS-induced oscillations are dependent on depolarizing GABAergic transmission, although the underlying ionic mechanisms are dissimilar (Kaila et al., 1997; Rivera et al., 1999) .
Thus, the SPOs provide an ideal way to test whether the present results regarding the CO 2 /HCO 3 Ϫ -dependent developmental switch are specific for HFS-induced oscillations, or whether they would merely reflect a nonspecific dependence of hippocampal neuronal network activity on the presence of CO 2 / HCO 3 Ϫ . SPO activity was measured with extracellular field potential electrodes from the CA3 stratum pyramidale of P4 -P6 rat hippocampal slices. In CO 2 /HCO 3 Ϫ -buffered standard solution, field SPOs were seen as negative-going shifts with an amplitude of 56.8 Ϯ 12.7 V (Fig. 5 ) (n ϭ 6 slices; n ϭ 10 SPOs from each experiment). In sharp contrast to HFS-induced gamma oscillations that were totally abolished (in 5 min) (Fig. 1d,e) in the nominal absence of CO 2 /HCO 3 Ϫ , there was a significant increase (53-166%; n ϭ 6 slices; n ϭ 10 SPOs/condition) in the amplitude of the SPOs that persisted in the HEPES buffer for up to 80 min. These results clearly demonstrate that the presence of CO 2 / HCO 3 Ϫ and carbonic anhydrase activity are not essential features of network events in the developing hippocampus. Hence, the dependence of HFS-induced gamma oscillations on bicarbonate and carbonic anhydrase activity has wide and important implications, as will be discussed below.
Discussion
In this study, we demonstrate not only a striking temporal coincidence but also provide strong evidence suggesting a causal link between the expression of intrapyramidal carbonic anhydrase CAVII and the establishment of rhythmic synchronized pyramidal cell firing in the rat hippocampal CA1 area at approximately P12.
Previous work has shown that the long-lasting depolarizing component of the biphasic GABA A -receptor-mediated response evoked in adult CA1 pyramidal neurons on HFS is caused by a transition from synaptic to nonsynaptic K ϩ -mediated excitatory transmission (Kaila et al., 1997; Smirnov et al., 1999; Voipio and Kaila, 2000) . This mechanism of GABAergic excitation (Kaila et al., 1997) and the associated gamma oscillations (present work) are strictly dependent on the availability of bicarbonate and show a marked sensitivity to inhibitors of intracellular carbonic anhydrase. Interestingly, LeBeau et al. (2002) have shown recently that gamma activity can be evoked in the CA1 region by exogenous potassium "puffs," which result in transient elevations of [K ϩ ] o , resembling those that are generated by the GABAergic, bicarbonate-dependent mechanism.
A key observation in the present work was that in hippocampal pyramidal neurons, HFS-induced GABAergic depolarization is hardly detectable before P12, whereas a steep upregulation of the depolarization is seen at a more mature developmental stage. This is paralleled by an increase in the effect of the intracellular carbonic anhydrase inhibitor, EZA. Because the GABAergic depolarization is caused primarily by an activity-induced [K ϩ ] o transient (Kaila et al., 1997) , it is not surprising that the [K ϩ ] o transients showed a similar developmental profile with regard to their amplitude and sensitivity to EZA.
The developmental upregulation of the HFS-induced GABAergic, CO 2 /HCO 3 Ϫ -dependent depolarization was closely paralleled by an abrupt emergence of EZA-and CO 2 /HCO 3 Ϫ -sensitive HFS-induced gamma oscillations at approximately P12. Furthermore, both functional intrapyramidal carbonic anhydrase activity and the in situ hybridization signal of CAVII appeared promptly at approximately P12. The present data as a whole imply that, during postnatal development, the machinery required to generate the HFS-induced GABAergic excitation becomes functional only on expression of intrapyramidal CAVII.
A comparison of the responses of the ion electrodes sensitive to K ϩ and TeMA ϩ indicated that the [K ϩ ] o transients were attributable to a net cellular release of potassium, with a very small contribution attributable to a shrinkage of the extracellular space. GABA B -receptor-mediated potassium fluxes (Rausche et al., 1989) are not likely to provide a contribution to stimulationinduced GABAergic [K ϩ ] o shifts, because GABA B antagonists enhance, rather than suppress, the HFS-induced GABAergic depolarization (Cobb et al., 1999) .
Carbonic anhydrase inhibitors have been widely used as anticonvulsant agents (Wyllie, 1997; Casini et al., 2003; . This is intriguing in the light of the present work, because neuronal hypersynchrony rather than hyperexcitability has repeatedly been proposed to be a hallmark of epileptic activity. It is also interesting to note that there is a sudden emergence of gamma oscillations associated with 0-Mg 2ϩ -induced epileptiform activity in rat hippocampal slices at P13 (Kohling et al., 2000) . Our observations readily explain this developmental change, and point to CAVII as a novel target of carbonic anhydrase-inhibiting anticonvulsant drugs.
It is known that oscillations at gamma frequencies can result in a potentiation of excitatory connections among pyramidal neurons (Whittington et al., 1997b) . Interestingly, the expression of HFS-induced LTP (Harris and Teyler, 1984; Chabot et al., 1996) takes place within the same postnatal time window as the expression of HFS-induced gamma oscillations and, indeed, [K ϩ ] o transients have been implicated in the generation of LTP (Collingridge, 1992) . Because LTP in CA1 is known to require activation of NMDA receptors in the pyramidal neurons (Bliss and Collingridge, 1993) , it is interesting to note that the HFSinduced GABAergic depolarization can be strong enough to remove the voltage-dependent Mg 2ϩ block of NMDA receptors (Staley et al., 1995) .
The key functional role of pyramidal CAVII in the developmental expression of HFS-induced gamma oscillations at approximately P12 is underscored by the fact that synchronous activity of interneurons and pyramidal neurons takes place in the form of SPOs (or GDPs; Ben-Ari, 2001) much earlier, with an onset at approximately P0 (Ben-Ari et al., 1989) . Furthermore, as shown in the present study, SPOs are not dependent on the presence of CO 2 /HCO 3 Ϫ . The developmental time course of the qualitative changes in GABAergic transmission and of these two types of network activity seems to be based on two kinds of ontogenetic switches at the level of anion-regulatory proteins. The neuronal Cl Ϫ extruding K ϩ -Cl Ϫ cotransporter KCC2 is upregulated from P0 to P12, which is generally thought to convert GABA A responses from depolarizing to hyperpolarizing with a consequent, progressive disappearance of SPOs during hip- pocampal maturation (Ben-Ari et al., 1989) . However, the expression of CAVII sets the stage for another type of depolarizing GABA A response, which is caused by HFS-induced ionic shifts triggered by massive activation of pyramidal GABA A receptors.
It is also interesting to note here that interneuronal gamma activity such as that evoked by carbachol in hippocampal slices (Fisahn et al., 1998) had a much earlier onset of development than HFS-induced gamma oscillation, and could be observed already at P7 (this study; A. Fisahn, personal communication; Fisahn, 1999) . These considerations point to a major difference between the cellular mechanisms underlying HFS-induced gamma oscillation (i.e., synchronous pyramidal firing at gamma frequencies) and interneuronal gamma activity (Fisahn et al., 1998) . A more specific conclusion that can be drawn is that the carbachol-induced gamma oscillation with its expression already at P7 does not require intrapyramidal carbonic anhydrase activity.
In conclusion, our data point to CAVII as a major developmental switch that governs the electrophysiological behavior of CA1 pyramidal neurons, the major output pathway of the hippocampus under both physiological and pathophysiological conditions. The present study calls for additional work on changes in the expression of carbonic anhydrase isoforms during development and trauma (Agnati et al., 1995; Nó grádi et al., 1997) . Such data are likely to unravel novel mechanisms underlying plasticity, epileptiform activity, and the modes of actions of CNS-targeted drugs, especially of those anticonvulsant compounds that are known to be potent carbonic anhydrase inhibitors (Perez Velazquez, 2003; Supuran et al., 2003) .
